ABSTRACT: Insufficient primary stability of screws in bone leads to screw loosening and failure. Unlike conventional continuum finiteelement models, micro-CT based finite-element analysis (micro-FE) is capable of capturing the patient-specific bone micro-architecture, providing accurate estimates of bone stiffness. However, such in silico models for screws in bone highly overestimate the apparent stiffness. We hypothesized that a more accurate prediction of primary implant stability of screws in bone is possible by considering insertion-related bone damage. We assessed two different screw types and loading scenarios in 20 trabecular bone specimens extracted from 12 cadaveric human femoral heads (N ¼ 5 for each case). In the micro-FE model, we predicted specimen-specific Young's moduli of the peri-implant bone damage region based on morphometric parameters such that the apparent stiffness of each in silico model matched the experimentally measured stiffness of the corresponding in vitro specimen as closely as possible. The standard micro-FE models assuming perfectly intact peri-implant bone overestimated the stiffness by over 330%. The consideration of insertion related damaged peri-implant bone corrected the mean absolute percentage error down to 11.4% for both loading scenarios and screw types. Cross-validation revealed a mean absolute percentage error of 14.2%. We present the validation of a novel micro-FE modeling technique to quantify the apparent stiffness of screws in trabecular bone. While the standard micro-FE model overestimated the boneimplant stiffness, the consideration of insertion-related bone damage was crucial for an accurate stiffness prediction. This approach provides an important step toward more accurate specimen-specific micro-FE models. ß
Insufficient stability of screws used for fracture fixation in bone leads to screw loosening and is in most cases due to the low bone quality in which the screw is placed. In many cases where screw loosening occurs, revision surgery is required creating additional suffering for the patient as well as health-care costs for the society. Hence, adequate primary stability of bone screws (i.e., initial stability of the implant in bone before bone ingrowth has taken place) is crucial for the successful outcome of instrumented fracture fixation systems. Especially in low-density bone, where the fixation of bone screws is reduced, [1] [2] [3] accurate prediction of the mechanical performance is needed to improve fracture fixation techniques as well as surgical planning. The gold standard to quantify the performance of novel screws in bone is through experimental testing. [2] [3] [4] Typically, displacement driven loads are applied on single screws implanted in bone until failure occurs. From the resulting forcedisplacement curves, linear elastic behavior (i.e., boneimplant stiffness) and maximum force prior to failure (i.e., strength) are computed. Due to the high heterogeneity 5 and diversity inherent to bone micro-architecture, a large number of bone specimens is required to obtain clear outcomes with valid statistics using in vitro techniques. This is even more so as bone architecture does not only vary between patients 6 but also within the same bone of a particular patient. 7, 8 In silico models capable of calculating the mechanical competence of bone-screw systems have been introduced as a potential alternative to in vitro mechanical tests. Continuum finite element (FE) models have been proposed to quantify the mechanical competence of bone-implant systems, with a specific focus on the local behavior of the interface between the implant and bone. Continuum FE models offer a great variety of interface modeling options ranging from perfect bonding to the inclusion of friction, cohesive forces between materials, detachment at predetermined thresholds as well as other non-linear mechanical behaviors. [9] [10] [11] [12] However, in a typical continuum FE model, the trabecular bone micro-architecture is modeled as a continuous material without any local porous characteristics. [13] [14] [15] Continuum FE models usually account for density variations in the bone by assuming a relationship between the local CT Hounsfield numbers and the local mechanical properties. This technique has been developed [16] [17] [18] and validated 19, 20 on bone only and has been applied with moderate success in combination with implants. 21 It is important to note, that continuum FE models need to use bone material properties that are valid at a length scale of 5 mm or more in order to obtain a sufficiently representative volume of interest in which the apparent mechanical properties of a such cellular solid can be modeled as a continuum. [22] [23] [24] Thus, by definition, these models do not have adequate resolution for an accurate representation of the highly diverse microarchitecture as well as of the anisotropic mechanical behavior of the trabecular network.
Alternatively, in so-called micro-FE analysis, FE models are generated from high-resolution micro-CT images where image voxels are converted directly into hexahedron FEs and are thus able to capture the micro-architectural variation in trabecular bone and have been put forward as a more advanced technique. Using this technique, it was possible to accurately represent the apparent mechanical behavior of bone. [25] [26] [27] [28] Unfortunately, state-of-the-art micro-FE models of bone-screw systems overestimate the experimentally measured mechanical response by one order of magnitude. 29 Conventional micro-FE models assume by definition bonded and intact screw-bone interfaces. However, it is clear that interface bonding does not exist during primary implant stability and numerous biomechanical in vitro studies have provided cumulating evidence that fracture fixation screws reduce the mechanical competence in peri-implant bone right after implantation (i.e., primary implant stability) thus implicating peri-implant bone damage. [30] [31] [32] [33] [34] [35] [36] [37] This is line in with the findings made in our group where a more compliant bone structure was determined in the peri-implant bone region than in other bone regions. 38, 39 We hypothesize that this overestimation may be related to (i) the modeling assumption of bonded screw-bone interfaces, whereas by nature such bonding does not exist immediately after screw insertion and (ii) the modeling assumption of intact peri-implant bone, whereas peri-implant damage has been demonstrated. [30] [31] [32] [33] [34] [35] [36] [37] Therefore, the goal of this study was to develop a micro-FE model that would represent in more detail the physical reality in order to accurately predict the primary stability of screws in trabecular bone by (i) modeling interface separation between screw and bone and (ii) considering insertionrelated bone damage.
METHODS Samples
Twenty trabecular bone specimens (18 mm height; 16 mm diameter, bone volume fraction: 27.2 AE 4.1%) were extracted from the epiphyseal region of twelve cadaveric human femoral heads (age 66.5 AE 10.5 years). Two different custommade screw designs were used (DePuy Synthes, Zuchwil, Switzerland). Both designs were 16 mm in length and had a core diameter of 2.1 mm. Their thread size was defined as 0.5 Â (outer diameter À core diameter). The small thread size (STS) and large thread size (LTS) were 0.3 and 0.6 mm, respectively (Fig. 1a) . The pitch size of the STS and LTS groups were 0.65 and 1.31 mm, respectively. After predrilling with a diameter of 2 mm following the manufacturer's guide lines, 10 screws for each screw design were placed into the bone in the center of the randomly assigned specimens to an insertion depth of 11 mm. (Fig. 1b) .
Bone Imaging and Assessment of Morphometric Bone Parameters
Prior to mechanical testing, all specimens were scanned twice using micro-computed tomography (mCT 50, Scanco Medical AG, Br€ uttisellen, Switzerland; nominal isotropic resolution: 20 mm, energy: 90 kVp; integration time: 200 ms):
once before (pre-insertion scan) and once after (post-insertion scan) screw placement. Bone morphometric parameters were determined for each bone sample at the screw insertion site. The cylindrical volume of interest (VOI; length 11 mm; diameter 2.7 and 3.3 mm corresponding to outer diameter of STS and LTS screw, respectively) was defined in the preinsertion scan at the location where the screw would be inserted. Within this VOI, standard morphometric parameters 40, 41 were quantified in the pre-insertion scan including bone volume fraction (BV/TV), bone surface over total volume (BS/TV), trabecular number (Tb.N), trabecular spacing (Tb. Sp), trabecular thickness (Tb.Th), and structural model index (SMI).
Mechanical Testing
In vitro mechanical tests were performed on a mechanical testing machine (Zwick Roell Static Material Testing Machine 1456, Germany) using a custom-made fixation device. Two loading configurations were tested; the first represented a uniaxial compression (UC) case (Fig. 1c) while the second represented a shear loading (SL) case (Fig. 1d) . The SL case implicates that the screw was loaded in a bending mode. Fixation around the cores in the in vitro experiment was achieved by clamping the specimens along the entire length of the bone core with a two-piece metal clamping system tightened with a set of two screws. For each configuration, five STS and LTS screws were used. A preload of 1 N was applied. Five pre-conditioning cycles between 0 and 12 mm displacement were conducted as suggested in literature. 42 This was followed by a quasi-static loading ramp at 1 mm/min 43 until failure was reached. Pre-conditioning cycles help obtaining reproducible stiffness results in trabecular bone as this procedure gets rid of non-linear effects in the initial loading phase of trabecular bone structures. 42 Preliminary data conducted in our lab with screws in bovine trabecular bone (data not shown here) support the assumption that the same applies for screws in human bone. Apparent stiffness was calculated from the last loading ramp between 0 and 12 mm displacement. Then, a set of multi-linear regression analyses was conducted using the Akaike Information Criterion (AIC) approach to relate the morphometric parameters (listed in Bone Imaging and Assessment of Morphometric Bone Parameters section) to the apparent stiffness. AIC is a statistical approach for the selection of an appropriate multilinear regression model by considering a high goodness of fit on one hand and including a penalty for over-fitting the data to avoid too many prediction parameters on the other hand. For further details, please refer to following article that provides a thorough description of this statistical model. 44 
Computational Modeling
For all 20 specimens, micro-FE models were created by a direct voxel-to-hexahedral element conversion. 27 In order to avoid metal artefacts that reduce the image quality of the bone surrounding the implant, micro-CT scans of the specimens prior to screw insertion were used for a digital screw placement. For this purpose, an image registration procedure was conducted as presented in a previous study. 30 In short, after image reconstruction, 3D rigid body image registration 45 was performed to align the two images, after which both images were segmented based on distinctive grey scale values for bone and screw (arbitrary units: 200-400 for bone and 800 and 1000 for the screw, respectively). Then, the segmented screw from the post-insertion scan was inserted digitally in the pre-insertion scan using an overlay procedure to obtain a bone-implant model without metal artefacts.
For each specimen, five micro-FE models were created. The first model (i.e., 2-component micro-FE model "conventional") was a 2-component model consisting of a screw and bone and is considered as the present state-of-the-art micro-CT based FE model that assumes bonded contact and intact peri-implant bone. A quasi-static test was simulated mimicking the boundary conditions of the corresponding in vitro tests. More specifically, displacements for the UC and SL cases were applied on the flat top surface of the screw and within a small radius of 0.6 mm at the side of the round screw head, respectively. The radial boundaries and the bottom nodes of the bone cores were fixed in all three directions. Bonded interfaces were assumed between the screw and the bone. The Young's modulus of the titanium screw and the bone were 120 and 18 GPa, 7 respectively. Stresses and strains in each element were calculated using the micro-FE solver ParOSol. 46 Apparent stiffness was defined as the sum of all reaction forces divided by the prescribed displacement.
For the second model (2-component micro-FE model "detachment"), the first model was used as a starting point to calculate the volumetric strain in the peri-implant bone. After loading, volumetric strain was calculated and all bone elements in contact with the screw undergoing positive volumetric strain were removed from the model. In this process, small disconnected bone fragments can occur. Hence, a so-called connected-component labeling test was applied to remove small disconnected bone particles before another simulation was run. Apparent stiffness was calculated as defined before.
In the third model (3-component micro-FE "Predicting E PIBD "), after modeling interface detachment, the bone elements in proximity to the screw were assigned a reduced Young's modulus; the radial distance was 0.6 and 0.9 mm for the STS and LTS screw, respectively (Fig. 2) . In a previously conducted study, we determined the thickness of the damaged peri-implant bone already in which we found that small threaded screws tend to induce less bone damage (i.e., 0.6 mm for STS) than large threaded screw (i.e., 0.9 mm for LTS) with the same core diameter. 30 Since this study used the very same specimens, the radial thickness of the peri-implant bone damage regions was defined to 0.6 and 0.9 mm for the STS and LTS screw, respectively. Hence, the sizes of these regions are in complete accordance with previous experimental findings on the extent of bone damage induced by screw insertion. 30 The fourth model (i.e., 3-component micro-FE model "leave-1-out") used the same set of morphometric parameters Figure 1 . In vitro mechanical tests were conducted with large threaded and small threaded screws (a) inserted in human trabecular bone cores from femoral heads (b). The bone-screw constructs were clamped tightly and loaded in compressive mode either in uniaxial direction of the screw (i.e., uniaxial loading (c)) or 90˚angulated to it (i.e., shear loading (d)). as defined in the third model to perform a "leave-1-out" cross-validation procedure (for more details see Validation of Computer Model section) to estimate E PIBD and then to predict the apparent in vitro stiffness.
The fifth model (i.e., 3-component micro-FE model "average E PIBD ") uses the mean value of specimen-specific E PIBD calculated by B-spline interpolation (for more details see section 'Validation of computer model') to predict the apparent in vitro stiffness.
Validation of Computer Model
Preliminary assessment of the specific tissue Young's modulus of the peri-implant bone damage region E PIBD revealed that all 20 specimens required E PIBD values below 2 GPa to match the in the in vitro apparent stiffness. Hence, a set of 10 quasi-static displacement tests was simulated for each specimen of the third model including a specific E PIBD that ranged from 0.2 GPa to 2 GPa. B-spline interpolation was used to determine the ideal, specific E PIBD such that the apparent stiffness of the model matched the experimentally measured stiffness. The calculated specimen-specific E PIBD served as a benchmark against which the multilinear regression analysis was fitted in the next step.
Next, multi-linear regression analyses were conducted relating the morphometric parameters to the specimenspecific peri-implant Young's Moduli. AIC 44, 47 was used to pick the most accurate regression model without overfitting the data. Subsequently, the predicted E PIBD values were plugged back into the micro-FE model to compute the corresponding in silico stiffness values for each specimen. Figure 3 shows an illustrative sketch displaying the entire workflow for the creation of the 3-component micro-FE model. First, E PIBD is calculated to match S FE and S EXP . Second, the calculated E PIBD is correlated with morphometric parameters. Third, E PIBD is predicted based on the correlated morphometric parameters. Fourth, S FE is simulated with the predicted E PIBD and then compared to S Exp .
Subsequently, the same set of morphometric parameters were used to perform a "leave-1-out" cross-validation procedure in which the regression model was built on 19 specimens to predict the one left out. This was repeated 19 times until every specimen was predicted using a regression model based on the 19 remaining specimens. Together with mean absolute error (MAE), mean absolute percentage errors (MAPE), Bland-Altman mean difference (BAMD), BlandAltman confidence interval (BACI) as well as the standard coefficient of determination (R 2 ) and the corresponding slope (m) and off-set (c) were computed for the predicted stiffness values to assess the performance of all micro-FE models against the in vitro measured stiffness.
RESULTS
The following in vitro stiffness values were found for each configuration: STS-UC: 4 0 290 AE 366 N/mm; LTS-UC: 4 0 464 AE 522 N/mm; STS-SL: 994 AE 180 N/mm; LTS-UC: 1 0 022 AE 181 N/mm. No significant differences were found regarding in vitro stiffness between the STS and LTS screws for the UC (p > 0.60) and SL (p > 0.82) loading cases. The best multiple regression analysis based on the AIC approach to predict in vitro apparent stiffness using morphometric parameters was obtained with Tb.N (R 2 ¼ 0.172, p < 0.069) only. Including larger volumes of interest and/or further parameters did not improve the correlation.
The 2-component micro-FE model "conventional" showed MAE and MAPE values over 10 0 000 N/mm and 330%, respectively (Fig. 4a) . The Bland-Altman agreement plot shows a BAMD ¼ À332.8% as well as an irregular distribution around the mean difference with a 95% BACI between À524.5% and À141.2%. More specifically, the micro-FE showed lower overestimation of the apparent stiffness of specimens at low apparent stiffness levels ( Fig. 4b SL group left side) compared to specimens with high apparent stiffness (Fig. 4b UC group right side). Even though a high correlation was indicated by R 2 ¼ 0.92 the corresponding slope and off-set were only m ¼ 0.17 and c ¼ 0.51 kN/mm, respectively ( Table 1) . The 2-component micro-FE model "detachment" model showed only minor improvement compared to the 2-component micro-FE model "conventional." Even though interface element removal reduced the number of bone elements in contact with the implant by 28.10% (AE2.15%) and 46.98% (AE8.27%) for the UC and SL group, respectively, the predicted apparent stiffness of the 2-component detachment model was only reduced by À1.71% (AE0.69%) and À6.67% (AE 4.61%). Consequently, error metrics remained very similar to the conventional 2-component micro-FE model (Table 1) .
For the 3-component micro-FE model "predicted E PIBD ," the most accurate multiple regression analysis was obtained with the parameters BS/BV (p < 0.001), Tb.N (p < 0.02), and Tb.Sp (p < 0. 031):E PIED $ 3:88 þ 0:09 Â BS BV À 1:67 Â Tb: N À 4:30 Â Tb: Sp (p < 0.002) to correctly estimate the apparent in vitro stiffness. For this model, MAE and MAPE are 320 N/mm and 11.4%, respectively (Fig. 5a) . The Bland-Altman Figure 3 . This sketch summarizes the entire workflow for the creation of the 3-component micro-FE model. First, E PIBD is calculated to match S FE and S EXP . Second, the calculated E PIBD is correlated with morphometric parameters. Third, E PIBD is predicted based on the correlated morphometric parameters. Fourth, S FE is simulated with the predicted E PIBD and then compared to S FE .
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STEINER ET AL. agreement plot showed a deviation of BAMD ¼ À1.75% and a regular distribution around the mean difference with a 95% BACI between À29.03% and þ25.55% (Fig. 5b) . The data point with the highest apparent stiffness was outside of the 95% BACI. A high correlation was indicated by R 2 ¼ 0.93 and the corresponding slope and off-set were m ¼ 0.93 and c ¼ 0.15 kN/mm, respectively ( Table 1) . The "leave-1-out" cross-validation model resulted in 375 N/mm and 14.2% for MAE and MAPE, respectively. The 3-component micro-FE model "averaged E PIBD " resulted in 420 N/mm and 16.6% for MAE and MAPE, respectively. The same trends could be observed for BAMD, BACI, R 2 , m, and n where the error metrics worsened similarly to MAE and MAPE when going from the "predicted E PIBD " to the "average E PIBD " micro-FE model. Table 1 gives a detailed and complete overview of the most relevant error metrics for all micro-FE models (i.e., two 2-component and three 3-component models).
Interface element detachment revealed only very moderate changes in the Von Mises stress field in the bone around the implant (Figure 6a-d) . In contrast, the consideration of peri-implant bone damage due to screw insertion results in a substantial change in the stress level and pattern (Fig. 6e-f ).
DISCUSSION
The main goal of this study was to test the hypotheses that a more accurate prediction of primary implant stability of screws in bone is possible by (i) modeling interface detachment between screw and bone and (ii) considering insertion-related bone damage. This goal has been achieved by assessing (i) the effect of interface element detachment during loading and . The 2-component micro-FE model "conventional" does not take into account any interface element detachment effects and does not consider any peri-implant bone damage. This resulted in a high overestimation of stiffness. The model showed MAE and MAPE values over 10 0 000 N/mm and 330%, respectively (a). The Bland-Altman agreement plot shows a BAMD ¼ À332.8% as well as an irregular distribution around the mean difference with a 95% BACI between À524.5% and À141.2%. More specifically, the micro-FE showed lower overestimation of the apparent stiffness of specimens at low apparent stiffness levels ((b) SL group left side) compared to specimens with high apparent stiffness ((b) UC group right side). Even though a high correlation was indicated by R 2 ¼ 0.92 the corresponding slope and off-set were only m ¼ 0.17 and c ¼ 0.51 kN/mm, respectively (Table 1) .
(ii) peri-implant bone damage caused by screw insertion. We found that interface element detachment played only a minor role, whereas the reduced mechanical competence of damaged peri-implant bone had a considerable effect on apparent stiffness in bone-screw systems. Our modeling approach is based on a statistical analysis that links the specimenspecific bone morphometric parameters at the implant site (i.e., intact bone before screw insertion) to the corresponding specimen-specific E PIBD . We first showed by multiple regression analysis, and in combination with the AIC that BS/BV, Tb.N., and Tb.
Sp are the most important factors to accurately predict E PIBD and corresponding stiffness for both screw designs and the two loading scenarios (MAPE ¼ 11.4% and BAMD ¼ À1.75%). Furthermore, we also assessed the robustness of the model by performing a leave-1-out cross validation in which the regression model was created on 19 specimens and then applied to predict E PIBD and bone-implant stiffness of the remaining one. This was repeated 19 times, and the mean average percentage error of the predicted bone-implant stiffness was calculated. The error was only slightly higher compared to the model containing all specimens (MAPE ¼ 14.2%). This indicates that the present model quantifies in an accurate and robust manner the stiffness of two screw types and loading angles in human trabecular bone. Preliminary tests were conducted in which various VOI locations (i.e., within and around the screw insertion site) were assessed to find which VOIs in the peri-implant bone region would provide a better prediction of E BPID . Interestingly, larger VOIs than the screw insertion site have a worse prediction performance for E PIBD than the VOI restricted to the screw insertion site (data not shown). For the sake of clarity, we decided to focus only the results with the highest prediction performance. With respect to the correlation between morphometric parameters and the measured in vitro stiffness the best multi-linear regression analysis was within the screw insertion site showing only a moderate correlation of R 2 ¼ 0.172 (p ¼ 0.069) with Tb.N. as a single parameter. Including larger VOIs and/or further parameters did not improve the correlation. It is important to consider that for the exact same morphometric bone structure; substantial differences can be expected in terms of apparent stiffness depending on which screw thread type (i.e., STS or LTS) is used and which loading condition (i.e., uniaxial or shear) is applied. This might explain, why it is difficult for morphometric parameters per se to predict the apparent stiffness of screw-bone specimens that have different screw types and loading conditions.
We hypothesized that the overestimation of implant-bone stiffness may be related to (i) the assumption of bonded screw-bone interfaces and (ii) the assumption of intact peri-implant bone. These are reasonable hypotheses since (i) bone attachment is per se not present during primary implant stability and (ii) it has been shown that peri-implant damage occurs during screw insertion. [31] [32] [33] [34] [35] [36] [37] 30 However, only a minor decrease in stiffness occurred (ranging from 1.7% to 6.7%) during element removal, whereas a substantial decrease (295%) close to in vitro stiffness values occurs when considering peri-implant bone damage. This is a strong indicator that modeling damaged peri-implant bone must play a more important role than debonding. We showed that this damage is related to a large extent to the local micro-architecture of the bone at the insertion site of the intact bone. Multicolinearities were not explicitly assessed since the most important criterion was the AIC in which the maximum likelihood is balanced against the number of parameters used. The net-effect of multicolinearities on the overall prediction performance is already considered in the maximum likelihood function. Hence, we consider the assessment of multicolinearities as redundant. Interestingly, the mean of all E PIBD values computed by the linear regression model was 0.35 GPa (AE0.12 GPa). When, using E PIBD ¼ 0.35 GPa for both screw types and loading cases, the predictive performance of stiffness decreased by a few percentage points only (MAE and MAPE are 419 N and 16.58%, respectively). Hence, assuming an average E PIBD could be a valid and efficient alternative to the rather sophisticated specimen-specific approach that we have proposed in this study.
The Von Mises stress field in the bone around the implant revealed only very moderate changes due to interface element detachment (Fig. 6a-d) . In contrast, the consideration of peri-implant bone damage due to screw insertion results in substantial changes of stress levels and distributions (Fig. 6e-f) . The remaining high stress underneath the screw (Fig. 6e-f) is due to the fact that peri-implant bone damage was detected only in radial direction of the screw and none underneath the screw. 30 Hence, as the mechanical competence of bone underneath the screw remains intact, the bone region underneath the screw produces higher stresses for the same deformation than the peri-implant bone region in radial distance to the screw. Such stress raisers in the intact trabecular bone structure underneath the screw are clear indicators for highly loaded bone material that is prone to failure. This explains clinician's recommendation to be cautious when conducting subchondral screw fixation where the screw tip is close to the subchondral bone. For instance, for the fracture treatment of the proximal humeral head, it has been recommended to use a final screw length that is 2-3 mm shorter than measured by the depth gauge. That way, the number of primary screw perforations can be reduced by 20-30%. 48, 49 It is also worth pointing out that peri-implant bone damage could be a function of the press-fit applied. Actually, press-fitting can increase the implant-bone stability by compaction; a process during which bony pieces can break off from the trabecular network and can serve as void filler which might enhance primary implant stability. 50 Independent of this, it is important to know that application of a 2.0 mm drill bit is consistent with the manufacturer's reference charts concerning screw sizes and corresponding drill bit sizes. For instance, self-tapping 2.7 mm cortex screws have a core diameter of 2.1 mm and the corresponding drill bit for the guide hole has a 2.0 mm diameter. 51 Hence the 0.1 mm press fit over 2 mm diameter chosen in the study can be considered as a standard.
The strength of the present study is the validation of a specimen-specific computational model by relating the micro-architecture of the intact bone to the mechanical properties of damaged peri-implant trabecular bone. We determined the thickness of the damaged peri-implant bone already in an earlier study in which we found that small threaded screws tend to induce less bone damage (i.e., 0.6 mm for STS) than large threaded screw (i.e., 0.9 mm for LTS) with the same core diameter. 30 Since this study used the very same specimens, the radial thickness of the peri-implant bone damage regions was defined to be 0.6 and 0.9 mm for the STS and LTS screw, respectively. Besides localizing the peri-implant bone damage as in the previous study, 30 we now also estimated the reduced The inclusion of such a peri-implant region with reduced Young's modulus has been already included in two earlier studies by other research groups. However, neither of them had objective measures on how large the damaged peri-implant bone region should be nor how the reduced mechanical properties of this damage bone region were related to the underlying microarchitecture of the intact bone prior to screw insertion. In the first study, a micro-FE model was developed that quantified the strains measured ex vivo around small implants inserted in eight rat tibiae containing a damaged peri-implant cancellous bone region of 0.04-0.160 mm with a Young's modulus of 0.1 GPa. 52 The predicted strain values correlated well with the measured strain values (R 2 ¼ 0.90-0.95) and the prediction error was reported to be 8.2%. In the second study, a continuum FE analysis on a rabbit bone-implant system was conducted in which the reaction force during a non-destructive axial compression test on the fractured tibia fixed with a plate-screw system was predicted and compared to corresponding in vitro mechanical tests. 10 The FE model in this study contained a 0.6 mm thick damaged peri-implant bone region with a Young's modulus of 5 GPa and was able to predict the axial stiffness with an error of 7.85% (no results reported on R 2 ). In summary, previous work from our group has brought clear evidence for the existence of such a damaged peri-implant bone region by visualizing and localizing peri-implant bone damage. 30 Our most recent work has now assessed the reduced mechanical competence of E PIBD to then predict in vitro apparent stiffness.
Further potential for the non-invasive micro-FE method is to assess primary implant stability in the clinical field. Our method is able to predict primary implant stability before actual implantation. This would improve surgical planning in which different insertion locations for the screw could be tested to find the best implant stability. However, two important obstacles need be addressed first in order to make full use of this method in the clinical environment. First, high-resolution patient-specific image data would be necessary. Current in vivo micro-CT imaging techniques capable of resolving bone micro-architecture are restricted to small animals and peripheral anatomical sites only (e.g., distal forearm and distal tibia) in humans. 53 Further advances in the imaging technique are required to up-scale the current scanning method to larger volumes of interest such as human upper and lower extremities. Second, the current micro-FE solver is implemented to run on central processing units (CPU). If modified to run on multiple parallel graphical processing units (GPU), a rapidly advancing desktop hardware development, models with over 100 million elements could run on a commercially affordable computer in a clinical setting. Alternatively, continuum models could be used that take into account the anisotropic mechanical behavior of bone based on fabric tensors derived from micro-CT scans or even grey-scale tensors derived from clinical CT scans. Both tensor techniques have been applied on bone structures 14, 54 and might be a promising approach in combination with modeling peri-implant bone damage.
Our study has several limitations. First, titanium screws were used that create metal artifacts during micro-CT scanning. This can affect the segmentation quality close to the implant. However, specific measures were taken, including screw alignment at the center of rotation, high energy scans, and titanium-aluminum alloy screws, to reduce the metal artifact to a minimum. Furthermore, the screws were inserted digitally, such that the trabecular bone was not affected by any sort of metal artefacts. Second, we have tested only two loading cases (uniaxial compression and shear loading). However, as the model showed to be robust for the two extreme loading cases, it is likely that it will also perform similarly for all other loading cases within this range. Third, it could be argued that it will be possible to match stiffness by using similar specimen dependent damage even with a homogenized continuum model. However, a previously conducted study clearly showed substantial differences between continuum and microstructural FE models of bone-implants systems in terms of stiffness (i.e., one order of magnitude) as well as in peri-implant stress and strains. 13 Furthermore, in our study we could show that even with averaged single peri-implant bone damage Young's Modulus (i.e., E PIBD ¼ 0.35 GPa) for both screw types and loading cases, the predictive performance of stiffness decreased by a few percentage points only: From a mean absolute percentage error of 11.4% to 16.58%. This means, that the underlying micro-architecture still plays an important role in correctly predicting the apparent stiffness. Based on these findings, we conclude that homogenized models applying the peri-implant bone damage would result in a much larger variation of E PIBD than it is the case for micro-FE models to reach the same precision. Fourth, to address whether the results from the 3-component sample and leave-1-out sample differ significantly from each other, a two-sample T-test was performed. This revealed no significant differences (p > 0. 995) which again underlines the robustness of the current model. Fifth, concerns were raised, that the damaged region around the screw would likely to have different damage coefficients within the same specimen. Therefore, assuming the same damage would be a major simplification. However, while being well aware of the real complex drill/screw/bone interaction through which peri-implant bone damage is caused during the implantation process, we could show that the model is still robust enough to accurately predict the apparent stiffness even with the simplification made with regards to the peri-implant bone damage region (i.e., only one single E PIBD per specimen or even per entire data set). Sixth, there is no damage model without detachment. However, considering that the detachment has negligible influence on the apparent stiffness, only little added value could be gained by creating such a model. Seventh, the accuracy of the assumed undamaged bone Young's modulus was not experimentally verified. Tests within the elastic domain combined with inverse FE analysis could have provided accurate specimen-specific bone tissue Young's modulus. This is actually one potential source of error that could explain the remaining mismatch between the in vitro and in silico models. However, the purpose of our study was actually to show that our model was able to predict in vitro apparent stiffness using the same bone tissue Young's modulus for all specimens. That is why we chose a reasonable value for bone Young's modulus from literature.
In conclusion, we confirmed the hypothesis that a more accurate prediction of primary implant stability of screws in bone is possible by (i) modeling interface detachment between screw and bone and (ii) considering insertion-related bone damage. However, modeling interface detachment between screw and bone seems to be less important than insertion-related bone damage. In the end, we have developed a specimen-specific computational model that can quantify the apparent stiffness of screws in bone with an accuracy of 12%. The approach uses micro-CT based FE analysis in combination with a statistical modeling technique that links the tissue modulus of the damaged peri-implant bone to the native bone micro-architecture in a specimen-specific manner. Thus, we have brought further evidence that screw insertion causes peri-implant bone damage which in turn seems to depend on the intact specimen-specific bone microarchitecture before screw insertion. Hence, compromised mechanical competence in peri-implant bone should be considered in the future for any computational analysis of primary implant stability of bone-implant systems. We believe that this novel technique provides an important step toward a better understanding of the detailed mechanisms of primary implant stability in human trabecular bone.
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